Introduction
The Cre/loxP system During the last decade, the development of gene C r e recombinase derived from the P1 phage is a targeting opened u p completely new perspectives m e m b e r of the 2-integrase superfamily [ 3 ] . As in the analysis of gene function. It became posa site-specific recombinase, C r e recognizes a sible to engineer genes in vivo using homologous 34-bp sequence named loxP, consisting of two recombination in murine embryonic stem cells inverted repeats of 16 bp each and a directional [ l ] , leading to the generation of a plethora of spacer of 8 bp. Any two loxP sites present in a knock-out mouse strains (http://BioMedNet.com/ DNA sequence can be recombined by Cre, and if map). Using the Cre/loxP system [Z] it is also they have the s a m e orientation the intervening possible to generate mice carrying subtle o r cellsequence is excised. Because C r e does not type specific mutations. In this paper we discuss require any cofactors it is also possible to use the some applications of the Cre/loxP system as Cre/loxP system in eukaryotic cells [4] , which exemplified by the analysis of glucocorticoid allows mammalian genes to be manipulated in receptor function.
e i w . To this end, the gene of interest has to be modified with loxP sites s u c h that they flank the region to be targeted. By appropriate expression Abbreviations used: GR, glucocorticoid receptor;
of Cre, recombination a n d removal of the inter-GRE, glucocorticoid response element; PGKneo, ase; HPA, hypothalamic-pituitary-adrenal; CRF, coring Of genes can be performed in as we11 as ticotropin releasing factor. in mice, ultimately resulting in the generation of ' T o whom correspondence should be addressed. mice carrying point mutations [5] , cell-typephosphoglycerol kinase-neomycin phosphotransfervening sequence is achieved 121* Such engineerVolume 27 specific gene disruptions [6] and, most recently, inducible somatic mutations [7] .
The glucocorticoid receptorproperties and functions
The effects of adrenocorticosteroids are mediated by two distinct intracellular receptors, the glucocorticoid receptor (GR) and the mineralocorticoid receptor [8] . Although both of them are able to bind adrenocorticosteroids, GR is thought to mediate the majority of effects, mainly because of its wider expression. As a member of the nuclear receptor superfamily, GR has a modular structure, consisting of a DNAbinding domain, a ligand-binding domain and two activating functions. In the absence of hormone, GR is present in an inactive cytosolic complex together with heat shock proteins. Upon ligand binding this complex dissociates and the receptor translocates into the nucleus. Here, transcriptional activity of target genes is modulated via a number of different mechanisms [9] .
T h e classical mode of GR action involves binding to specific glucocorticoid response elements (GREs) in the promoter and enhancer regions of responsive genes [lo] . Specificity of DNA binding is achieved by the interaction of the P-box in the DNA-binding domain of the receptor with the palindromic sequence of the GRE. This type of regulation has been identified in a wide variety of genes, including the wellstudied gene for tyrosine aminotransferase [ 111. In addition to positive regulation, repression of gene transcription mediated by DNA binding of GR has also been observed [12] . In this case, GR binds to so-called negative GREs (nGREs) described in genes such as pro-opiomelanocortin or osteocalcin [12, 13] . A further mode of action of GR has been identified which is independent of DNA binding. By cross-talk with other transcription factors like AP-1, NF-KB, GATA-1 or CREB, gene expression can be controlled by GR without binding to DNA itself [14] . In this case, protein-protein interaction with the other transcription factors results in a repressive effect of GR. Finally, DNA-binding-independent synergistic effects have also been described, such as the interaction between GR and Stat-5 on the fi-casein promoter [ 151.
Multiple GR alleles obtained by gene targeting
In order to study the role of GR in physiology and development, its gene was disrupted by homologous recombination in embryonic stem cells [16] . Using two different approaches, a hypomorphic (GR"fl'") and a null (GR""") allele were obtained. T o generate GR"YPo mice, a phosphoglycerol kinase-neomycin phosphotransferase (PGKneo) cassette was inserted in exon 2; in the case of GR'"'' mice, exon 3 was deleted ( Figure  1 ). Whereas all GR""" mice die around birth due to atelectasis of the lungs, some of the GR"!"" mice survive to adulthood, probably because they have retained some residual GR activity (H. M. Reichardt, unpublished work). In general the phenotype of both mutants is very similar, with some exceptions such as the histology of the skin.
In short, GR-deficient mice show impairments in several organs, affecting the induction of gluconeogenic enzymes in liver, the development of the lung, the morphology of the adrenal gland, a dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, the proliferation of erythroid progenitor cells and glucocorticoiddependent thymocyte apoptosis [ 16,171. However, due to the perinatal lethality of most of the mutants, the role of GR in physiology, cognition and behaviour could not be further assessed in these mice. Therefore, additional alleles of GR were generated ( Figure 1 ). T o distinguish between DNA-binding-dependent and -independent activities of GR, the point mutation A458T was introduced into the D-loop of the DNAbinding domain of the receptor [5] . T o analyse tissue-specific functions of GR in adult animals, mice with somatic mutations restricted to a limited subset of cell types were generated (GR""'). In Figure 1 the genomic locus of the mouse GR gene and the four different GR alleles obtained by gene targeting are depicted.
Dissection of DNA-binding-dependent and -independent GR function
In view of the diversity of transcriptional modes of action used by GR, we wanted to distinguish biological functions dependent on binding to GREs from those mediated by cross-talk with other transcription factors via protein-protein interaction. Biochemical studies together with mutational analysis of specific amino acids had indicated that the D-loop, a short segment in the second zinc finger of the DNA-binding domain, is essential for dimerization [18, 19] . Since proper dimerization is a prerequisite for highaffinity DNA binding but not for protein-protein interaction, this provided a feasible approach to separate these two modes of action of GR in vivo. Using the Cre/loxP system mice carrying the point mutation A458T in the GR were generated [5] . This mutation is known to impair DNA binding while having little effect on repression of AP-l-dependent gene regulation [20] . Interestingly, in contrast to GR-deficient mice, these GRd'" mutants survive, indicating that DNA binding is not essential for survival.
Analysis of some DNA-binding-dependent GR functions confirmed the absence of this mode of action in GRd'" mice [5] . In transient transfection studies using embryonic fibroblasts from mice of both genotypes the mutant GR was shown to be defective in induction of GREdriven reporters. In addition, immunoshift studies provided biochemical proof for the lack of DNA-binding activity of the mutant GR. Finally, in vivo analysis of the tyrosine aminotransferase gene, whose transcription in liver is dependent on GR binding to an upstream enhancer, demonstrated that this gene is not responsive to glucocorticoids in GRd"" mice. In contrast, repression of PMA-induced collagenase-3 and gelatinase B expression was unaltered in embryonic fibroblasts, indicating that cross-talk with AP-1 was not impaired in GRd'" mice.
Further studies on the physiological role of GR revealed normal lung function and adrenal morphology in GRd"" mice. However, proliferation of erythroblasts and glucocorticoid-induced thymocyte apoptosis were severely impaired. These findings indicate that GR'"" mice are indeed able to dissect the different modes of action of GR and allow us to distinguish between those dependent on DNA binding and those mediated by protein-protein interactions. GRd" allele contains a point mutation, A458T. in exon 4 The structure of the GR""' allele in nervous-system specific mutants depends on the specific cell-type, in peripheral organs the third exon is flanked by two loxP sites whereas in the nervous system exon 3 is deleted The loxP site is indicated by a triangle
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T h e HPA axis is a neuroendocrine cascade controlling synthesis and release of glucocorticoids from the adrenal cortex [Zl] . The system is regulated by a negative-feedback loop in which glucocorticoids repress their own synthesis and secretion at the level of hypothalamus and pituitary. Although synthesis of corticotropin releasing factor (CRF) in the h-ypothalamus is unaffected, mRNA expression of pro-opiomelanocortin, the gene encoding corticotropin (ACTH), is strongly elevated in GRd''l1 mice. These results suggest that CRF synthesis is regulated in a DNA-binding-independent manner whereas binding of GR to an nGRE in the pro-opiomelanocortin promoter seems to be a prerequisite for transcriptional control of this gene.
Taken together, these experiments demonstrate that some of the functions of GR are strictly dependent on DNA binding of the receptor while others, namely lung function and CRF expression, are regulated via cross-talk with other proteins. This confirms that a variety of different modes of action is used by GR to modulate transcription in multiple systems.
Disruption of GR in the nervous system
A major drawback of ubiquitous gene disruptions is interdependence between different cell types which often makes it difficult to distinguish between primary and secondary effects of the mutation. In addition, early lethality of many gene deletion mutations, such as in GR"" mice, prevents studies on adult physiology. These problems can be circumvented by the generation of somatic mutations in a cell-type-specific manner using the Cre/loxP system.
To analyse the role of GR in the nervous system, mice were generated in which an essential part of the GR gene was flanked by two loxP sites. These GR""" mice were then crossed to transgenic mice expressing Cre under the control of a nestin promoter and enhancer which are specific for neuronal precursor cells. In the resulting offspring, mutants were obtained which lack GR in neurons and glial cells but not in other cell types. This allows the functions of GR in the nervous system to be dissected from those in peripheral organs. An important aspect of these mutation studies was the analysis of the HPA axis. In mutant mice the receptor is present in the pituitary but not in the hypothalamus. Therefore it was analysed whether feedback inhibition by glucocorticoids in the pituitary was able to compensate for the lack of repression in the hypothalamus. Interestingly, corticosterone levels in serum were dramatically increased, indicating that the repressive effect of GR in the hypothalamus is the major mechanism for feedback inhibition. Obviously, repression by GR at the level of the pituitary cannot override the stimulation of the HPA axis caused by increased hypothalamic CRF.
A human disease associated with hypercorticism is Cushing's syndrome [ZZ] . As mutant mice combine elevated corticosterone levels with the presence of functional GR in peripheral tissues they should represent a valuable model for this disease. Indeed, effects comparable to those observed in patients with Cushing's syndrome were found in these mice, namely osteoporosis and a growth deficit. However, obesity, another phenotype described in human patients, could not be observed in the mutants, suggesting that obesity probably results from a central action of GR.
These approaches using cell-type-specific gene disruption allow us to analyse the function of a protein in a defined subset of cell types. Currently, further mouse strains are being developed to study GR functions in other tissues.
Conclusions
For almost half a century the function of GR has been analysed by biochemical, pharmacological and molecular biological techniques. T h e Crel loxP system represents a new and exciting technique which puts us in the unique position to test many features on GR function in animal models adapted to address specific questions. The data obtained so far have already confirmed the value of this approach by refuting some of the postulated functions of GR and, at the same time, revealing unexpected new ones. Some of the major phenotypic consequences of the different GR alleles are summarized in Table 1 . The generation of a point mutation in the DNAbinding domain of the GR has demonstrated that cross-talk via protein-protein interaction is sufficient for survival and strengthened the concept of different modes of action of GR. Analysis of a GR mutation restricted to the nervous system is just beginning to unravel new functions of GR in neuroendocrine regulation, cognition and emotion. These approaches will be further extended by the possibility to induce mutations at specific time-points by controlling the activity of Cre-recombinase in uiuo.
Introduction
Thyroid hormone belongs to the class of small lipophilic ligands which affect cellular processes principally by binding to nuclear receptors and altering gene transcription [ 11. Thyroid hormone affects a number of physiological processes including resting metabolic rate; lipid, carbohydrate and protein metabolism; and growth and development. Such effects differ from tissue to tissue and are dependent on the age of the animal. These differences appear to be secondary to tissue variation in the presence and amount of thyroid hormone receptors, other receptors (e.g. retinoid X receptors) and transcriptional cofactors, and the cellular levels of the most active thyroid hormone, 3,5,3'-tri-iodothyronine (T3), and other ligands.
An appropriate level of thyroid hormone is essential for normal development in vertebrate species [2] . In humans, this is most evident in the central nervous system where thyroid hormone deficiency during the fetal and neonatal periods results in the syndrome of cretinism, which is characterized by irreversible deafness, ataxia and mental retardation [3] . Exposure of the embryo to excessive thyroid hormone is also clearly detrimental. In mammals this results in fetal malformations, growth retardation, craniosyAbbreviations used: T,, 3,5,3'-tri-iodothyronine; T,, thyroxine; T R , thyroid hormone receptor; D1, D2 and D3, deiodinases (as designated). nostosis and abnormal brain development that is manifest by learning disabilities and mental retardation [4] , whereas in amphibia exposure to elevated levels of exogenous thyroid hormone results in unco-ordinated development which inevitably results in larval death [5] .
In addition to the brain, the development of multiple other organ systems is dependent on thyroid hormone levels. For example, muscle mass, the rates of bone and lung maturation, and intestinal development are all influenced by thyroid hormone during the fetal and neonatal period [6, 7] . Even lesser organs, such as the rodent submandibular salivary gland, are under the control of thyroid hormone; administration of the thyroid prohormone thyroxine (T4) to developing mice induces premature differentiation of the granular convoluted tubules in this organ [8] .
Thyroid hormone induces cellular differentiation in developing tissues
Fundamental to development are the dual processes of cellular proliferation and differentiation. Proliferation of relatively undifferentiated cells predominates in the early stages of development, whereas later, cells differentiate into functionally specific cell types [7] . T h e mechanisms which trigger a subset of proliferating cells in a given primitive organ to differentiate are not completely understood, but appear to involve both intrinsic (e.g. genetically programmed) signals and extrinsic factors (e.g. growth factors and
